pendent of macromolecule synthesis, and a late LTP (L-LTP) phase that is dependent on protein synthesis (Bailey et al., 1996). E-LTP lasts
). This suggests that the spine actin cytoskeleton is not only involved in the rapid and reversible motility that occurs within seconds or minutes, but it may also be involved in morphological changes that occur slowly and are sustained over hours and days to maintain the L-LTP.
In this paper we induced LTP in the dentate gyrus of living animals and examined the effect of this on the actin cytoskeleton in the spine. We observed that F-actin content of spines was increased and found that this is mediated in part by the inactivation of actin depolymerizing factor (ADF)/cofilin, and inhibition of actin polymerization by latrunculin A treatment blocked the late phase of LTP. These results indicate the crucial role that activpersistence and increases in phalloidin reactivity. Consequently, HFSs of (300) or higher will be used interity-dependent regulation of spine actin dynamics plays in synaptic plasticity. changeably as strong HFSs in the following experiments. We next measured the levels of the soluble monomeric Results actin (G-actin) and the insoluble filamentous polymerized actin (F-actin) in the MML following the induction F-Actin Content in Synaptic Layers Undergoes of L-LTP via the MPP (Figure 2 ). MMLs were collected by a Net Increase after LTP Induction means of the Laser Capture Microdissection technique To study actin cytoskeletal changes during neural activ-(Simone et al., 2000) from dehydrated frozen sections ity-dependent synaptic plasticity, we examined LTP in of the brain dissected 3 hr after beginning HFS (2400) the dentate gyrus of freely moving unanesthetized rats.
of the MPP (Figure 2A ). The MML tissues were fractionIn the dentate gyrus of the hippocampus, each granule ated by a buffer containing 1% Triton X-100, and the cell receives two distinct inputs from the entorhinal corsoluble and insoluble materials were subjected to quantex known as the medial and lateral perforant pathways titative Western blot analysis ( Figure 2B ). The total actin (MPP and LPP, respectively) ( Figure 1A . We used this model of LTP in unanesthetized animals throughout this work in the IML, which suggests that the F-actin in the dendritic spine increases after LTP induction ( Figure 3A , except when we examined the effect of drug infusion on LTP persistence, which required the use of urethaneright). To investigate this phenomenon further, we examined anesthetized animals ( Figures 5, 6D , and 6E).
We found that when a strong HFS [HFS (2400), HFS MMLs by electron microscopy using a recently described high-resolution photoconversion method (Capani et al., (500), or HFS (300); numbers in parenthesis indicate the total number of stimulation pulses, see Experimental 2001) to visualize the precise distribution of F-actin. Phalloidin conjugated to the fluorophore eosin was used Procedures for details] was delivered to MPP fibers, L-LTP was elicited in MML synapses that lasted more to label F-actin. The oxygen radicals released by eosin excitation oxidize diaminobenzidine tetrahydrochloride than a week ( Figure 1B) , which confirms previous observations (Abraham et al., 1993; Matsuo et al., 2000) . Histo-(DAB), which then becomes electron-dense when it is treated with osmium. Figure 3B shows examples of elecchemical examination of the dentate gyrus of these rats revealed that the MML had marked increase in reactivity tron micrographs taken of the MML 45 min after HFS (2400) had begun. The large and morphologically diverse to phalloidin, a specific probe for F-actin [ Figures 1C-1E To exclude the possibility that latrunculin A does not affect LTP induction because it is inefficiently infused into the neurons at the time of HFS, the tube delivering latrunculin A was cut to promote drug infusion into the dentate gyrus and HFS was delivered 4 or 7.5 hr later (rather than 1 hr later) ( Figure 5C ). At both of these time points, the LTP amplitudes of the control and latrunculin A groups in the previous experiment differed. Infusion of latrunculin A even 7.5 hr prior to HFS had no effect on the initial LTP amplitude (control, 112.7% Ϯ 2.36%; latrunculin A, 113.3% Ϯ 3.07%, p ϭ 0.88, Student's t test). Thus, the inhibition of actin assembly inhibits L-LTP without affecting E-LTP. These observations strongly suggest that a net increase in F-actin in the , 2000) . Furthermore, its phosphorylation is believed to regulate the Ser-3 of ADF/cofilin (Figures 6B and 6C ). This increase out the molecular layer of the control dentate gyrus, 45 min after delivering HFS (300) to the MMP, an intense 2001). A control peptide was also synthesized that has the reverse sequence of the S3-peptide followed by immunoreactivity that localized specifically to the MML was observed ( Figure 7A ). This staining pattern is almost 11R. These synthetic peptides were indeed efficiently incorporated into the granule cells of the dentate gyrus identical to that of phalloidin and persisted partially for 3 weeks ( Figure 7B , n ϭ 5). Thus, the actin-based molecwhen delivered through the recording electrode ( Figure  6D ). In the urethane-anesthetized rats, strong HFS ular composition of the activated dendritic spines alters after LTP is induced. This change may cause a dynamic (2000) in the presence of the control peptide (Rev-11R) elicited L-LTP in the dentate gyrus that lasted at least rearrangement of functional synaptic proteins such as receptors and signaling molecules and could further 12 hr ( Figure 6E ). Control peptides (150 ng/l and 300 ng/l) had no significant effect on LTP (saline versus trigger a morphological change in the dendritic spine, which are two events that appear to be important for Rev-11R, p Ͼ 0.05). In contrast, while injection of the inhibiting peptide S3-11R (150 ng/l) had no effect on the maintenance of L-LTP. In contrast to the actin-associated proteins, the LTP the induction and early maintenance of dentate gyrus LTP, it partially affected the late phase of LTP (Figure and control hippocampal sections do not appear to differ in their immunoreactivities against microtubule-associ-6E, left, S3-11R). That is, the LTP amplitude observed in the inhibiting peptide group was similar to that of the ated protein-2 (MAP-2) and neuron-specific ␤-tubulin (isotype 6) ( Figure 7A , at 45 min). Both MAP-2 and ␤-tubulin, control peptide group until 6 hr after HFS (2000), at which point it steadily declined to reach a plateau of which are important in neuronal functions, are components of the tubulin cytoskeleton. Taken together, these about 105% of the baseline. In the animals infused with Discussion Spine Actin Reorganization Is Critical for the Maintenance of LTP In this study, we found that dentate gyrus LTP induction is associated with actin cytoskeletal reorganization characterized by a net increase in F-actin content in the dendritic spines. The increase is rapid, being observed as early as 20 min after stimulation, and is then sustained for at least 5 weeks. Since the synapse number has not changed 45 min after the L-LTP induction, the HFSdependent increase in phalloidin reactivity observed at 45 min must reflect an increase in the amounts of F-actin in each spine. Intensely phalloidin-reactive spines have longer synaptic appositions than weakly phalloidinreactive spines in both LTP and control sides. Furthermore, the ratio of intensely phalloidin-reactive spines versus weakly phalloidin-reactive spines is higher in the LTP side than in the control side. These observations suggest that a spine actin reorganization triggered by HFS results in morphological changes of the spine shape. This is consistent with a previous observation that HFS enlarges the PSD area of polyribosome-containing spines in the hippocampal CA1 region (Ostroff et al., 2002). Whether the increased phalloidin reactivity observed at later time points, for example at 24 hr, is due to the formation of new spines still has to be investigated.
When actin polymerization is inhibited by latrunculin A treatment, the initial amplitude and the early maintenance of LTP are not affected but the late phase of LTP is completely inhibited, indicating that the late phase is Pefabloc) for 3 hr and the lysate was then subjected to centrifugation mm inferior to the bregma) and the recording electrode (4.0 mm at 10,000 ϫ g for 20 min. Ten microliter aliquots of the G-actin posterior, 2.5 mm lateral, and 3.8 mm inferior to the bregma) were fraction (supernatant) and the F-actin fraction (pellet, dissolved in implanted unilaterally after the animal had been anesthetized by 50 l SDS sample buffer) were subjected to SDS-PAGE (10% polyurethane (i.p., 1.0 g/kg body weight). All the stimuli were biphasic acrylamide). Western blot analysis was performed with the antisquare wave pulses (200 s width), and their intensities were set actin antibody and the immunopositive signals were visualized and at the current that evoked 40% of the maximum population spike quantified by LAS-1000 Plus Luminescent Image Analyzer (Fujifilm, amplitude. After monitoring a stable basal transmission for at least Tokyo, Japan). 30 min, the polyethylene tube that connected the recording electrode to the microsyringe was cut to promote infusion of drug soluAnalysis of Phospho-ADF/Cofilin tion into the dentate gyrus through the tip of the recording electrode Rats were sacrificed 30-45 min or 5 hr after the delivery of HFS (500). Ten cryo-sections from each animal (coronal cut at 20 m (Steward et al., 1998) . This usually occurred 3-4 hr after the electrode thickness) were air-dried, and the MMLs of each side of the dentate
